The capability of the spatially-distributed, physically-based, rainfall-runoff modelling system, MIKE SHE, to simulate the hydrological behaviour of the natural and drained parts of the North Kent Grazing Marshes, UK, is investigated. The MIKE SHE code is applied to Bells Creek, a small, underdrained, agricultural catchment located within the marshes. The model is used to both provide insights into the essential parameters that control the hydrological processes in the catchment, and predict the influence of various, hypothetical, water management strategies (land use and drainage) on pumped discharge and soil moisture storage in the catchment. The water table model predictions arising from these hypothetical scenarios are also compared against field data obtained from on-going hydrological research on the neighbouring, natural, Elmley Marshes. The comparison is found to be favourable. The results of this study indicate the potential of the MIKE SHE system to simulate the hydrological regime of these wetlands, and hence to play an important role as a tool that can assist environmental and conservation agencies in the sound management of wetland resources.
INTRODUCTION
The extensive drainage that took place in the North Kent Marshes, southeast England, during the period 1960-1982 to allow cereal production, eliminated not only an important habitat for birds but also one of the marshes' special characteristics: a quality of belonging neither to the land nor wholly to the water. By the late 1970s, a major part of the marshland on the Isle of Sheppey (Fig. 1) had been drained. The last major drainage scheme was implemented in 1981 within the Bells Creek catchment (Hollis et al., 1993) . Since then little new drainage and conversion to arable land has taken place, reflecting the awareness of farmers of the heavy brackish character of the marsh soils after underdrainage and the increasing concern about the loss of traditional grazing marshes. Large areas of the remaining undrained marshes are now the subject of a number of conservation oriented designations including Ramsar Sites under the Convention on Wetlands of International Importance especially as Waterfowl Habitat, Special Protection Areas (SPA) under the EU Bird Directive (79/409) and Environmentally Sensitive Areas (ESAs) under the Ministry of Agriculture, Fisheries and Food's (MAFF) scheme. There is now growing recognition that the management of the marshes in line with the objectives of these conservation initiatives requires an improved understanding of the hydro logical processes operating within them.
According to Mitsch & Gosselink (1993) , "hydrology is probably the single most important determinant of the establishment and maintenance of specific types of wetlands and wetland processes". In other words, hydrology is the underlying key factor behind the functioning and diversity of a wetland site. Thus an understanding of the hydrology of a given site is a prerequisite for producing sustainable and integrated management plans for wetlands that can balance the present and future needs of all interested parties. The water balance of wetlands can be very sensitive to the land ;use of surrounding areas (Van der Kamp et al, 1999) . Frequently, however, little is known about historical hydrological conditions within wetlands, such as water levels and extent of inundation. This is a result of two main factors. Firstly, wetlands were until relatively recently regarded as wastelands and thus were not monitored to the same extent as other types of catchments. Secondly, human interventions such as land-use change, drainage and construction of hydraulic structures such as weirs, sluices and pumps have modified these historic conditions. Simulation models offer the potential to reconstruct past hydrological conditions and to predict the effects of alternative management strategies.
There is a plethora of hydrological models, which are, generally speaking, classified as either conceptually or physically based according to the description of the physical processes they simulate, and either lumped or distributed according to the spatial description of catchment processes (Refsgaard, 1996) . The choice of selecting the most suitable model depends on the catchment scale and the purpose of the modelling exercise. Conceptual models, based on either lumped soil moisture accounting and routing (e.g. original HBV model; Bergstrôm, 1992) or physical parameterization of the unit hydrograph (Maidment, 1993) are usually applied to moderately large catchments, whereas distributed physically-based models have been used to investigate catchments on a relatively smaller scale. The impracticality of applying these two types of models to very large catchments has also led to the adoption of intermediate approaches, based on dividing the catchment into regions (hydrological response units), where important processes are less variable (e.g. SLURP- Kite, 1978 and WATBAL-Knudsen et al, 1986 . Nevertheless, there are also practical examples of applying both lumped and fully distributed models to larger catchments. Lumped models have been used to mimic the use of distributed models by successively applying the lumped model to subcatchments and fully distributed models, such as MIKE SHE (DHI, 1993) , have used areally averaged data and parameters (Jain et al, 1992) .
Traditionally, conceptual hydrological models have been used to represent the water balance of wetlands. The simplest of these models tend to use measured river inflows and outflows as well as recorded rainfall and evaporation to determine storage volumes and areas of flooding (Hollis & Kallel, 1986; Brown, 1988; Sutcliffe & Parks, 1989; Thompson & Hollis, 1995) . The wetlands are usually treated as reservoirs whose storage volume is cumulative inflow (river inflow and rainfall) less cumulative outflow (river outflow and evaporation). The major drawback of these simple models is that they do not allow for several subsurface soil layers and hence do not provide an adequate description of groundwater conditions in groundwater input/output dominated wetlands. Additionally, they do not predict the spatial distribution of important parameters such as inundation.
An example of a semi-distributed, conceptual, model that has been applied to modelling wetlands is the Swedish HBV/Pulse model (Johansson, 1993) . The model uses a distributed response function to represent recharge/discharge and groundwater dynamics. The model was used, through successfully applying it to subcatchments, to hypothetically drain different parts of wetlands in Finland and Sweden. However, the model has some limitations: it cannot model macropore flow and multiple unsaturated soils profiles (see also Bergstrôm, 1991) . In addition, several calibration processes have to be carried out to obtain parameter sets that reflect various states within the study area (natural and drained), i.e. the model cannot be readily applied outside the range of data and catchment conditions for which it was calibrated.
Physically-based, spatially-distributed, models have particular advantages for the study of the hydrological regimes of wetlands and, consequently, for formulating optimal management strategies for their sustainable management. They allow the effects of changes in land use to be predicted and can readily account for spatial distributions in catchment state and characteristics as well as land-use changes. Such models also provide multiple hydrological outputs on a temporally and spatially-distributed basis. However, these types of model have not traditionally been applied to wetland studies for several reasons (Rosso, 1994) . It is only in the last decade that the increasing availability of fast, powerful, and cost-efficient hardware has enabled increased data handling and computational complexity. The emergence of Geographical Information Systems (GIS) for the automated use of topographic data has satisfied a major requirement of spatiallydistributed hydrological modelling. In addition, these hydrological models have become attractive due to the increasing emphasis on the need for predicting spatially variable hydrological processes at fine resolutions for land-use planning and management decisions. To the authors' knowledge, only one example in the literature describes the application of a fully integrated, distributed, physically-based, modelling system to study the impacts of alternative water management schemes on a riverine wetland ecosystem: the case on the River Danube (Refsgaard & S0rensen, 1997a) . The integrated system is based on several physically-based distributed models that represent the state of the art in their respective fields: hydrological model MIKE SHE, river model MIKE 11, reservoir model MIKE 21, and a root zone model (Refsgaard & S0rensen, 1997b) . Although the model performed successfully during the calibration and validation phases, no verification appears to have been carried out against measured data of the predicted effects of different water management scenarios, including the present one, on water quality and hydrological conditions in the river system.
The purpose of this study is to gain an understanding of the hydrological behaviour of the remaining, natural parts of the North Kent Marshes, UK. This is achieved by means of initially applying the distributed hydrological modelling tool, MIKE SHE, to a marshland catchment, Bells Creek, which has been underdrained for agricultural purposes and for which appropriate hydrological data are available. The rigorous model calibration and validation, carried out using the split-sample procedure, is followed by hypothetically reverting the underdrained catchment to its former state by removing the underdrainage system and changing the current land use from arable crops to permanent pasture. The MIKE SHE code is again employed to investigate the hydrological consequences of these two scenarios. The final part of the paper compares model predictions of the effects of changes in land use and removal of underdrainage, against measured data from a marshland catchment, the Elmley Marshes. These marshes are not underdrained and thus are considered representative of the natural parts of the North Kent Marshes.
THE BELLS CREEK CATCHMENT
The Bells Creek catchment is located on the southern side of the Isle of Sheppey draining into the Swale, a tidal channel that separates the island from the mainland, UK (Fig. 1) . Its area is approximately 10 km 2 of which nearly 4 km 2 is lowland (below 5 m Ordnance Datum (OD) on Ordnance Survey 1:25 000 maps). The upland catchment has an elevation ranging from 5 m to 73 m OD. Underdrainage for agriculture in the lowland part of the catchment comprises strong arterial drainage with an average drain depth of approximately 0.7 m (Hazelden et al., 1986) . Before drainage, land cover in the catchment was the permanent grassland which is characteristic of the remaining undrained parts of the North Kent Marshes. Drainage enabled the introduction of arable cropping. A UK Institute of Terrestrial Ecology 1:50 000 land-cover map shows that presently most of Bells Creek is tilled land with winter cereal whilst approximately 22% is grassland (Table 1) . A pumping station at Bells Creek is operated by the Lower Medway Internal Draining Board (LMIDB). The pumps, which have a capacity of 0.6 m 3 s" 1 , come into operation when the water level in the main channel rises above a specified level. In addition to the 10 km" Bells Creek catchment, the pumps also provide drainage for a catchment to the east by means of a culvert that is closed at times of high water in Bells Creek (according to the LMIDB, for 10% of the time).
The most important components of the hydrological cycle within the North Kent Marshes are rainfall; storage of water in, and sometimes on, the soil; and subsequent évapotranspiration back into the atmosphere (Hollis et al, 1993; Thompson & Hollis, 1996) . An analysis of local rainfall and actual évapotranspiration shows that the average annual rainfall for the Bells Creek catchment is 530 mm while average annual évapotranspiration is 472 mm, ranging from 407 mm in dry years to 560 mm in wetter years. Hollis & Thompson (1998) show that for the lowland 4 km 2 of Bells Creek, 31% of the inputs (rainfall and limited inflow from the upland catchment) is pumped to the Swale.
The geology of the Bells Creek catchment consists of the following three aquifers: chalk which underlies the whole area, London Tertiaries and Head deposits that overlay the chalk, and alluvial deposits that form the uppermost layer. A layer of low permeability London Clay separates the soil and alluvia from the lower water-bearing strata (IGS, 1970) , and effectively isolates the marshes from groundwater within the chalk and Tertiary aquifers. The overlying 10-12 m of soil is the major store of water within the catchment and consists of sand, silt and clay (in the approximate proportions 13, 27 and 60% respectively).
Soils in the North Kent Marshes on the south of the Isle of Sheppey are predominantly composed of marine alluvial deposits of the Wallasea-Downholland association (classification 813f according to Soil Survey of England and Wales, 1985) . This association comprises typical pelo-alluvial gley soils whose parent material is non-calcareous, clayey marine alluvium (Fordham & Green, 1980) . The Wallasea soils are characterized by a high proportion of clay, resulting in relatively low permeabilities and very slow rates of water movement (Hazelden et al, 1986) . According to the Hydrology of Soil Types (HOST) classification (Boorman & Hollis, 1990) , the Wallasea soils are a HOST 8 soil. These soils have a vertical saturated hydraulic conductivity lower than 10" 6 m s"
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. The horizontal saturated hydraulic conductivity is even lower. The low permeabilities of these soils prevent rapid drainage. Consequently, water tables are shallow and may, following heavy and/or prolonged rainfall, rise and intercept the ground surface. Hazelden et al. (1986) reported results from a pair of piezometer sets installed in Wallasea soils in undrained grassland, and three pairs installed in drained arable fields, during the relatively dry winter of 1983/1984. The piezometer results revealed that the duration of waterlogging in Wallasea soils on undrained grasslands was longer (40 days in high positions in the landscape and 120 days in lower areas) than that of drained arable land (15 days in high positions and 100 days in low ones). Hazelden et al. (1986) also describe the summer regime of the Wallasea soils on undrained grasslands and drained arable land; the summer water tables vary between 0.75 and 1.20 m below the ground surface on undrained grassland and are generally below 1.20 m on drained arable land.
From a series of dispersion ratio, electrical conductivity and exchangeable sodium percentage measurements from six transects in the North Kent Marshes that included undrained grassland and drained arable land on Wallasea soils, Hazelden et al. (1986) deduced that the underdrained arable topsoil in Bells Creek is structurally moderately unstable. Subsoils are very or extremely unstable. This implies that they have a high risk of structural deterioration that can lead to their inability to drain water. In contrast, Wallasea soils under undrained grasslands are generally less at risk of structural deterioration. Hazelden, et al. (1986) reported the frequent occurrence of drainage failures in the North Kent Marshes due to poor maintenance of arterial and field drainage. They also noted that secondary treatments, such as subsoiling, following the installation of underdrainage, were common practice in the North Kent Marshes. Such treatments are carried out, usually several years after the underdrainage system has been installed and are repeated at intervals of 3-5 years, to improve soil permeability and hence promote rapid water movement. The treatments, combined with the high percentage of clay within the Wallasea soils, produce cracks in the upper layers during the summer which do not close even after prolonged wetting (Hazelden et al., 1986) . These effects are known to produce rapid drain responses (Kneale, 1986; Robinson, 1990; Beven & Germann, 1982) .
THE ELMLEY MARSHES
The Elmley Marshes lie to the west of Bells Creek on the southern side of the Isle of Sheppey (Fig. 1) . Unlike Bells Creek, the Elmley Marshes are not underdrained and rely on gravity drainage through tidal sluices to remove excess water to the Swale at times of low tide. They are considered as representative of the natural parts of the North Kent Marshes.
The Elmley Marshes have high conservation value which is reflected in their designation as Sites of Special Scientific Interest (SSSI), a Ramsar Site and Special Protection Areas (SPA). The Marshes have recently been designated a National Nature Reserve (NNR). They are managed by the Elmley Conservation Trust using traditional farming techniques sympathetic to nature conservation. Agricultural activities focus on cattle and sheep grazing (Willock, 1993) .
As part of an on-going hydrological research project within the Elmley Marshes, soil water levels are being measured using a network of 25 piezometer nests each comprising either two or three piezometers (Gavin & Thompson, 1997; Thompson, 1997) . Measurements are made on a fortnightly basis whilst within three of the piezometers, pressure transducers connected to a digital data logger provide continuous observations of soil water levels. Data from the Elmley Marshes piezometers are used in this paper to compare the hydrological regime of natural, undrained, parts of the North Kent Marshes with hydrological model simulations involving the restoration of the Bells Creek catchment to grazing marsh. They also provide information on the hydrological characteristics of soils within the North Kent Marshes.
THE MIKE SHE MODEL
MIKE SHE is a deterministic, fully-distributed and physically-based modelling system that can simulate all the major hydrological processes occurring in the land phase of the hydrological cycle (Refsgaard & Storm, 1995) . The MIKE SHE modelling system is applicable to a wide range of water resource and environmental problems related to surface and groundwater systems, and the dynamic interaction between them. It has been developed by the Danish Hydraulic Institute (DHI) from the Système Hydrologique Européen, SHE, a modelling concept developed by a consortium of three organizations: the UK Institute of Hydrology, the French consulting firm SOGREAH and DHI (Abbott et al, 1986) .
MIKE SHE has been used extensively for research studies and for practical routine applications. It represents the state-of-the-art technology in distributed physically-based modelling and includes powerful pre-and post-processing facilities with GIS capabilities. Although the MIKE SHE system comprises several add-on modules, only the Water Module (WM) is described in detail herein, since it is the module used in this study. The WM has a modular structure comprising the following six process-oriented components each describing the major physical processes of the hydrological cycle and, in combination, describing the entire hydrological cycle: interception/évapotranspiration, overland and channel flow, unsaturated zone, saturated zone, snowmelt, and the exchange between aquifer and rivers. A finite difference approach is used to solve the partial differential equations describing the processes of overland, channel, unsaturated and saturated subsurface flows, whereas analytical solutions are used for describing interception, évapotranspiration and snowmelt . The MIKE SHE modelling system includes a river editor for establishing a MIKE SHE river network from digitized river networks. MIKE SHE also has an option for simulating macropore flow. It does so using an empirical function that calculates the bypass quantity that is routed directly to the groundwater table.
The representation of catchment characteristics and input data is provided through the discretization of the catchment horizontally into an orthogonal network comprising two types of elements: grid square elements and stream channel links that are assumed to run along the boundaries of the grid squares. The stream channel links describe the water transport along the stream network and are linked to both the unsaturated and saturated zones of the adjacent grid elements. Lateral flow occurs as either overland flow or subsurface saturated zone flow. Figure 2 illustrates the overall structure of MIKE SHE. Within each grid square, the vertical variations in soil and hydrogeological characteristics are described in a number of horizontal layers with variable depths. A column of nodes at each grid element, representing the unsaturated zone, links the two horizontal grid-square networks for overland and groundwater flows.
Much of the criticism of MIKE SHE results from the manner in which the unsaturated zone is simulated. In particular, the use of Richards' equation during catchment simulations is most often conceptually rather than physically based, implying simpler approaches could be used instead (Refsgaard & Storm, 1995) . However, Richards' equation provides a good routing description and can simulate capillary rise under shallow water table conditions, which is very important for wetland studies. Furthermore, when Darcy's law is no longer applicable (e.g. in drained clay soils with cracks and other macropores in the upper soil layer), the simple macropore option is available in MIKE SHE.
Another criticism expressed against distributed models such as MIKE SHE is the number of variables and parameters that must be provided and modified during the calibration process. Some of the data required can only be obtained using sophisticated data acquisition techniques, while the quality of some measured parameters is often questionable (e.g. saturated hydraulic conductivity, porosity, Strickler's resistance coefficient). The reasons vary from measurement error to the different scales used for data sampling, process description and model discretization (Bathurst & O'Connell, 1992) . To overcome the problem of MIKE SHE's extensive data requirements and the spatial pattern of parameter values, Refsgaard & Storm (1996) propose a parameterization procedure to effectively reduce the number of free parameters that need to be adjusted during the calibration procedure. Moreover, Refsgaard & Storm (1995 , 1996 recommend the use of very few key parameters (four or five), in the calibration process if insufficient data are available to describe their spatial variability in the catchment, and if a high degree of uncertainty is attached to the basic data available. Under such circumstances, it would be too time consuming to modify a large number of parameters in order to improve, for example, river discharge predictions at one site. The free parameters in question vary depending on the type of application and the relative importance of catchment processes. Most simulations show that soil hydrological parameters play an important role in catchment studies and that other parameters play secondary roles. Moreover, the application of MIKE SHE in India , where there were almost no field measurements available, showed that parameter evaluation from values reported in the literature for the region can support an acceptable level of calibration.
MIKE SHE also has several advantages. The model can provide multiple outputs covering the entire spectrum of hydrological variables on a spatially and temporally distributed basis. Thus, synoptic views of the spatial distribution of any variable across the catchment, at any time, can be produced. Furthermore, with MIKE SHE the effects of changes in land use and vegetation can be studied. This is particularly useful in wetland studies, where future water management plans have to balance all interests in a given wetland area (e.g. agriculture vs conservation). The model can also assist in understanding the fundamental processes that once governed a former wetland that has been drained. This is particularly important if a wetland is to be restored to its former natural state. Table 2 summarizes the data sources for the Bells Creek catchment which were employed within the MIKE SHE simulations.
DATA AVAILABILITY

Rainfall
Data for three raingauges were obtained from the UK Environment Agency. Figure 1 shows that only one of these (Eastchurch, 7 m OD) is located within the Bells Creek catchment, while both Barnlands and Eastchurch are within 5 km of the catchment. The Barnlands gauge lies at an altitude of 49 m OD, whereas Elmley lies at an altitude of 11 m OD. More rainfall is recorded at Elmley than at Eastchurch or Barnlands although the latter is at a higher elevation. This is a result of a south-north trend of declining rainfall (Hollis et al, 1993) . (Hollis et al, 1993) Field surveys in the North Kent Marshes
Evapotranspiration
Monthly potential and actual évapotranspiration for a grass crop on medium available water capacity soil are available from the UK Meteorological Office Rainfall and Evaporation Calculation System, (MORECS; Meteorological Office, 1992). MORECS calculates totals of potential and actual evaporation (from soil) and transpiration (from plants), deep percolation beyond the root zone, and accumulated soil moisture deficit for the whole of mainland Britain through the year. Evaporation estimates are based on the Penman-Monteith formula (Jensen et al, 1990) , in which plant control of évapotranspiration is modelled through surface resistance. Potential and actual évapotranspiration data were obtained for the period January 1987-February 1993. However, only actual évapotranspiration was available for March 1993-January 1995. In addition, data for the periods 1983-1986 and February 1995-April 1995 were not purchased because of high data costs. Thus, estimates based on the period January 1987-January 1995 were used for the missing years. They were obtained by comparing monthly rainfall totals (calculated from daily rainfall data) available for the periods 1983-1986 and February-April 1995 with those available for the period January 1987-January 1995. It was assumed that monthly rainfall totals for 1987-1995, which were found to be similar to monthly totals available for the periods 1983-1986 and February-April 1995, would have similar monthly potential évapotranspiration. It was also assumed that rainfall totals from the missing period could lie within ±15% of monthly rainfall totals for the period 1987-1995. Finally, a match was sought between "dry" and "wet" years in the period January 1987 and those in 1983 and February-April 1995 That is "wet" years during 1987-1995 were used to derive potential évapotranspiration for "wet" years during the missing periods. "Dry" years were treated similarly. MIKE SHE calculates actual évapotranspiration based on potential évapotranspira-tion, leaf area index, root zone depth and soil water profile. For the period March 1993-August 1994, when only actual évapotranspiration values were available, potential évapotranspiration values were estimated from:
where i?p 0t and is act are the potential and actual évapotranspiration respectively and K is the crop coefficient (Nokes, 1995) . Crop coefficient values for various levels of canopy cover and crops are available in Nokes (1995) . During January-April and October-December of the period 1987-1993, it was noted that the MORECS actual évapotranspiration values were always 4%, or less, lower than potential ones. This knowledge together with appropriate crop coefficients for winter cereals, was used to estimate potential évapotranspiration from actual évapotranspiration for the period March 1993-January 1995.
Streams, catchment boundaries and digital terrain model
The most important streams, ditches, catchment boundaries and counter walls (relict sea walls) within the catchment were digitized into the Arc/Info GIS from 1:10 000 scale Ordnance Survey maps and then transferred to the Geographical Resource Analysis Support System (GRASS) GIS (USACE, 1993) . The digitized data were thereafter converted into ASCII format for use within the MIKE SHE River Editor. Land and channel elevations were taken from a 1:50 000 digital terrain model (DTM) purchased from the Ordnance Survey. The digital terrain data are claimed to have an accuracy of ±3 m. The terrain data were converted into 1000 m raster data by GRASS and subsequently filtered into a format suitable for MIKE SHE. Figure 3 illustrates the MIKE SHE representation of the DTM, the Bells Creek catchment boundaries and the ditch network. The catchment has elevations ranging from 1 m at the outlet in the southeast to 73 m along the northern boundary. Slopes are steepest in the uplands, particularly along sections that run from north to east, and shallow in the lowlands.
Pumped discharge
Discharge data were derived from the pumping capacity and hours run meter records of the Bells Creek pumping station. During the period 1987-1995 the meters were read intermittently at irregular intervals that varied between 1 and 4 days. There were also periods where readings were not taken for 10-17 days and once for 42 days. However, it was observed that such infrequent recordings only took place during very dry periods during which the pumps did not come into operation. Thus, the effects of the absence of these particular readings are considered negligible.
Vegetation
Leaf Area Index (LAI) and Root Zone Depths (RDF) for the agricultural crops (winter cereals) grown within Bells Creek, and for grassland for the simulated management scenarios involving restoration to grazing marsh, were assessed from the literature (Bultot et al., 1990; Thompson et al, 1981) .
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Soil characteristics
Soil types and their estimated hydrological parameters were assigned using several data sources. The National Soil Map at 1:50 000 scale (Soil Survey of England and Wales; Soil Survey, 1985) shows that the soils predominant in Bells Creek belong to the Wallasea 813f association. The Wallasea soil water regime in pumped catchments remains occasionally or seasonally waterlogged after pipe drains have been installed (Wetness Class II: the soil profile is waterlogged within 0.7 m depth for 30-90 days in most years) (Jarvis et al, 1984) . Without adequate arterial drainage, Wallasea soils can be waterlogged for long periods in winter (Wetness Class IV: the soil profile is waterlogged within 0.7 m for more than 180 days, but not waterlogged within 0.4 m depth for more than 180 days in most years). The high proportion of clay present in the Wallasea association prevalent in Bells Creek indicates that the soils have low permeabilities and very slow rates of water movement. Although measured vertical and horizontal hydraulic conductivity values are unavailable in Bells Creek, they are available for the neighbouring Elmley Marshes, which belong to the same soil association. Gavin (in prep.) used the Bouwer & Rice slug test (Bouwer & Rice, 1976; Bouwer, 1989) to determine the hydraulic conductivity of soils in the Elmley Marshes. One of the piezometers installed within the marshes was pumped dry and a pressure transducer employed to record the water level recovery over a 700 h period. This test yielded a hydraulic conductivity of 5.49 x 10" 9 m s"
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. Similar results were obtained for the same part of the marshes by Hamm (1998) using the Guelph Permeameter technique (Elrick et al, 1989; Reynolds & Zebchuck, 1996) . The field saturated hydraulic conductivity (K/ s ), which combines both the vertical and horizontal components of flow, at 0.45 m below the ground surface was found to be between 1.479 x 10~9 and 2.58 x 10" 9 ms _1 . These results together with data provided from the SEISMIC database of the Soil Survey (SSLRC, 1994) , provided the necessary data to characterize the essential soil hydrological properties required by MIKE SHE. Parameters for Bells Creek soils, based on the Wallasea series, are given in Table 3 . 
Land use/cover
The UK Institute of Terrestrial Ecology 1:50 000 land-cover map for Bells Creek was employed to represent the spatial distribution of land use within the catchment: predominantly tilled land with winter cereals and grassland.
MODEL CONSTRUCTION, CALIBRATION AND SENSITIVITY ANALYSIS
Construction
Digitized topography and ditch network data were transformed into discretized representations at the model grid scale. The digitized data were superimposed on a 100 m x 100 m computational grid network. In the unsaturated zone, the vertical division varied between 0.025 m in the nodes located in the first metre below the ground surface, and 0.03-0.05 m for the remaining part of the soil profile. Only one soil type was applied in the vertical direction. Spatially two soil profiles (Table 4) were applied horizontally to reflect the two main types of land cover in the catchment: grass and arable (Table 1) . Manning roughness coefficients for overland flow were evaluated taking into account values reported in studies related to the catchment (Lionhope, 1990) and in the literature (Engman, 1986) . This parameter was subject to calibration. Since impermeable London Clay underlies the catchment, a no flow boundary condition was imposed at the bottom of the soil layer. A boundary condition with a constant head, just above the streambed, was applied at the outlet of the channel to simulate the pumping station. This imposed boundary condition ensured that MIKE SHE could model a "maximum level" boundary condition, where water is removed if a certain level is exceeded but no water enters to compensate for falling levels during dry periods. In addition, the slope on the ditch ensured that there are negligible inflows of water during dry periods.
The arterial underdrainage is modelled by applying artificial drainage to the parts of the catchment with elevations of 5 m or less. In this way, only relatively low-lying positions, representing the lowland part of Bells Creek, contribute drainage flow to the ditches. The drains are introduced at a depth of 0.7 m below the ground surface. The runoff from the model drains starts when the water table is above the specified drain elevations and is proportional to this height difference and a specified drainage parameter (Fig. 4) . The latter characterizes the density of the drainage system and the permeability conditions surrounding the drains. The drainage parameter, corresponding to a time constant in a linear reservoir (i.e. outflow is linearly proportional to storage), is subject to calibration. The ditch system in Bells Creek comprises several main, vegetation free, watercourses, some of which run along the boundaries of the lowland catchment, as well as smaller ditches that run across the lowlands. The latter are characterized by extensive vegetation both within and alongside them. Thus a Manning channel roughness coefficient of 0.05 s m" 13 was used for the smaller ditches and one of 0.035 s m" 13 was employed for the wider, vegetation free, watercourses. These values were taken from the literature (Wilson, 1993) and reports relevant to the study area (Southern Science Ltd, 1990) , and were considered sufficiently representative of the ditch system.
Initial soil moisture conditions for the period of interest were determined by running the MIKE SHE model for a two-year period either one or two years before the period of interest. The soil moisture conditions at the end of this period were used as the initial state for the interim period before the actual period of interest. This reduces the influence of the choice of antecedent conditions and évapotranspiration values estimated from measurements available during 1987-1993.
Calibration
Distributed physically-based models such as MIKE SHE require substantial model parameter values that are not always readily available. Parameter sensitivity analysis has shown that simulation results of distributed models are very much more sensitive to some parameters than others. Calver (1988) , Bathurst & O'Connell (1992) , Refsgaard et al. (1992) and Refsgaard (1996) show that a few essential parameters have particular effects on simulated hydrographs. This knowledge was used in this study to reduce calibration parameters to the following: hydraulic conductivity in the unsaturated zone, the overland resistance coefficient, and the drainage time constant. The initial and final parameter values are given in Table 4 . The MIKE SHE model was calibrated and validated using the split-sample test method (Klemes, 1986 ) based on the data available for the period 1982-1995. The basis of the calibration and validation was mainly through graphical comparisons of observed and simulated hydrographs, as well as of scatter plots of monthly discharge. The performance of the MIKE SHE model was also evaluated numerically using the Nash-Sutcliffe efficiency coefficient, R 2 (Nash & Sutcliffe, 1970) by measuring how closely the simulated monthly discharges agreed with observed ones. An R~ equalling unity indicates perfect agreement:
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Ite-a°"J where M is the total number of monthly observations, Q s m and Q°m are simulated and observed monthly flows respectively, and Q°a ve is the average observed monthly flow over the entire period. As part of the calibration process, sensitivity testing of calibration parameters (Table 4) was also undertaken; this was useful for identifying parameters to which simulation results are least or most sensitive.
Sensitivity analysis
In most approaches to simulating flood hydrographs in catchments of the size of Bells Creek, a spatially-lumped (i.e. uniform) description of rainfall is considered adequate. However, Beven & Hornberger (1982) , Jain et al. (1992) , Fontaine (1995) and Faurés et al. (1995) all found that an accurate portrayal of spatial variation in rainfall is essential for both rainfall-runoff modelling and an accurate simulation of discharge. Thus both spatially-lumped and distributed rainfall inputs were investigated in this study. In the case of the spatially-lumped rainfall input, rainfall data from either one raingauge (Elmley or Barnlands for the whole simulation period) or an arithmetic mean of all gauges was considered (Elmley and Barnlands prior to 1988, and Eastchurch and Barnlands thereafter). For the spatially-distributed rainfall input, rainfall at Barnlands was used in the upland area, whereas in the lowlands the Eastchurch rainfall data were used after 1988; prior to 1988, only rainfall from Barnlands was considered. This is because more rainfall was consistently recorded at the Elmley raingauge than at the other two raingauges. Thus prior to 1988, the rainfall is essentially spatially-lumped, whereas after that year, a spatially-distributed rainfall representation is applied.
The underdrainage and cultivation of Bells Creek may have influenced the hydraulic conductivity in the unsaturated zone; cultivated soils in the North Kent Marshes are known to have higher permeabilities. Consequently, the use of a single hydraulic conductivity parameter (soil type Kent 10 or Kent20) was examined alongside a spatially-distributed hydraulic conductivity representation, with Kent 10 soil in the uplands and Kent30 soil in the lowlands (Table 4) . Furthermore, since leaf area index (LAI) and root depth (RD) time series were assessed from the literature, the sensitivity of the simulated hydrograph to various LAI and RD curves representing winter cereal, spring barley, forest and pasture was also examined (Fig. 5) .
As noted above, Hazelden et al. (1986) showed that the combination of high clay contents and secondary treatments results in significant cracking of Wallasea soils during the summer. Many of these cracks often do not close, even after prolonged wetting. Consequently, the macropore flow option in MIKE SHE was explored to determine its significance in these types of soils under wet conditions. The sensitivity to both the bypass ratio (the maximum ratio of the net rainfall that can bypass the soil matrix under wet conditions) and the soil moisture threshold, at which the bypass ratio is reduced linearly, was studied. Table 4 illustrates the optimized parameter values obtained during the calibration process whilst Table 5 summarizes the results of the sensitivity-testing phase. Table 4 ). The "best fit" saturated hydraulic conductivity, determined during the calibration phase, was found to be greater than the range of field values measured by Gavin (in prep.) and Hamm (1998) . There are two main reasons for this difference. Firstly, although the Elmley soils belong to the same soil association (Wallasea) as the Bells Creek soils, the Elmley Marsh contains a higher percentage of the Wallasea soil series; this characteristic causes Elmley soils to be less permeable than Bells Creek soils. Secondly, cultivated soils in the North Kent Marshes are known to have higher permeabilities implying that the Bells Creek soils are more permeable than they would have been under grassland.
CALIBRATION AND SENSITIVITY RESULTS: DISCUSSION AND ANALYSIS
Before discussing the results of the sensitivity analysis, several remarks are necessary on the three tests (referred to as the three performance tests) employed in this study to assess the performance of the MIKE SHE model: (a) The Nash-Sutcliffe efficiency coefficient, by assessing the overall quality of the results, identified the basic set of calibration parameters that would give the optimal fit to the observed discharge data. (b) The graphical comparisons of simulated and observed pumped hydrographs were found to be complementary to the Nash-Sutcliffe efficiency test, particularly in relation to the simulation of the main flood peak. (c) The monthly discharge scatter plots were useful for high flows; they provided another means for estimating the fit of the simulated high flows against those observed. The sensitivity analysis focused on soil type in Bells Creek (saturated hydraulic conductivity), rainfall (raingauge and spatial representation), vegetation cover (forest, winter cereal, spring barley and grass), spatial representation of soil type, overland Manning resistance coefficient and macropore flow. The results of this analysis demonstrated that the Bells Creek model was particularly sensitive to: -soil permeability, -rainfall, -overland Manning resistance coefficient, -macropore flow, and much less sensitive to: -spatial representation of soil type, -vegetation cover: leaf area index (LAI) and root zone depth (RD).
Two of the most sensitive parameters, rainfall and macropore flow, are described in detail below. Figure 7 shows that the hydrograph predicted using only Elmley rainfall applied uniformly over the whole catchment was notably different from those simulated using the other types of rainfall input. This is probably because more rainfall is recorded consistently at Elmley than at both Barnlands and Eastchurch. The Nash-Sutcliffe efficiencies also confirm that using a spatially-distributed rainfall representation leads to further improvements (Table 5 ). Even within this small 10 km 2 catchment, these results emphasize the need for more than a single raingauge, for rainfall data that are characteristic of the catchment rainfall, and the importance of the appropriate spatial representation of rainfall over the catchment. Table 4 describes the three options with different combinations of rainfall bypass ratios and soil moisture thresholds that were examined. The three performance tests showed that including macropore flow in the model improved the fit between observed and simulated discharge during wet conditions (Table 5 ). However, the major flood peaks simulated by both options were similar to those of the baseline model without macropore flow (Fig. 8 ). 
Sensitivity to rainfall
Sensitivity to macropore flow
RESULTS OF MODEL VALIDATION
To be consistent with the calibration phase, two validation scenarios were examined: Scenario 1 comprising the calibrated, baseline model without macropore flow, and Scenario 2 which included macropore flow. The two scenarios were applied to the periods October-April of both 1993/1994 and 1994/1995 . The graphical comparisons of observed and simulated (baseline excluding macropore flow) hydrographs show that although validation results are reasonable, MIKE SHE overestimates some of the peaks (Fig. 9(a) and (b) ). When macropore flow is included in the baseline model, these overpredicted peak flows diminish along the rising limb. This is because, with the macropore flow option, MIKE SHE does not allow all the initial rainfall to generate runoff; some of it is bypassed to the saturated zone and thus will not appear in the predicted hydrograph. The Nash-Sutcliffe coefficients calculated for these two scenarios (calibrated baseline model without/with macropore flow), as well as the monthly discharge scatter plots ( Fig. 10(a) and (b) ), confirm that including macropore flow in the baseline model provides a slight improvement (Table 5) .
SIMULATION OF ALTERNATIVE MANAGEMENT SCENARIOS: RESULTS AND ANALYSIS
The slowly permeable heavy clay soils on the Isle of Sheppey have poor natural drainage and under natural, undrained conditions, they tend to have long periods of surface saturation (waterlogging) through the winter, rendering them unsuitable for cultivating cereals. However, when artificially drained, these soils have a higher soil water storage capacity. Consequently waterlogging is largely eliminated and crop yields are enhanced. Two management schemes were investigated: the theoretical removal of the existing underdrainage system and the combination of the removal of underdrainage and a change in land use from arable crops (winter cereal) to permanent pasture similar to the pre-conversion grazing marsh. The calibrated baseline model without macropore flow was used for analysing the hydrological consequences of these schemes. Macropore flow was not considered for two reasons: including it only slightly improved the validation results, and it is assumed that under natural grassland conditions in Bells Creek, macropore flow is reduced. Figure 11 (a) shows that removing the underdrainage system but maintaining the current land use (winter cereal) does not effect the minimum (summer) or the maximum (winter) water table levels. However, the soil remains saturated for longer periods during the wet winter months (November-March). Figure 11 spring recession, particularly in 1994. However, normal recession and rising period flows are higher with underdrainage due to the dominance of subsurface flows. This is evident from the limited, or absent, overland flow during this period. The cumulative annual discharges are consistently lower in the undrained, cropped catchment than in the drained one (Fig. 12(c) ). Installation of the underdrainage system has achieved the elimination of prolonged waterlogging and topsoil saturation leading to lower total annual surface or overland flows when compared to the undrained, cropped, catchment ( Fig. 12(a) ). Figure 12(b) shows that cumulative évapotranspira-tion is higher under undrained, cropped, conditions than under drained ones.
When land use is changed to permanent grassland after removing the drainage system, the water table remains very close to the ground surface during the winter months for a longer period compared to the two scenarios with arable crops in the drained and undrained catchment. During the summer, the water table is relatively higher with grass, thus reducing the soil water buffer zone created by introducing the drainage system and therefore increasing the amount of water entering the ditch network via overland flow. The cumulative annual overland flows are much higher for the natural case with grass than for underdrained conditions with arable cropping (Fig. 12(a) ). (c) shows that removing the drainage system and reverting the land use to the original grassland increases peak flows during the rising and recession flow periods, particularly before the onset of the major winter peak. The cumulative annual discharges are similar to those from the underdrained catchment with arable crops. When cumulative flows from the naturalized catchment exceed those from the underdrained one, it is a result of enhanced overland flow.
Figure 12 (b) shows that the cumulative évapotranspiration is greater from the underdrained catchment with arable cropping than from the natural grasslands; the deeper roots of the arable crop enable them to access water in the subsoil when moisture in the topsoil has been depleted. Evapotranspiration is also enhanced as a result of the higher leaf area index.
These theoretical results show that installing a pumped underdrainage network has clearly affected the hydrology of the Bells Creek catchment by almost totally eliminating the prolonged waterlogging experienced in the undrained parts of the North Kent Marshes. This waterlogging is known to be of important ecological significance within the marshes (Hollis et al., 1993) . In this study, these theoretical predictions are assessed using a pseudo differential split-sample method (Klemes, 1986) . The basic concept of this method is to demonstrate that the MIKE SHE model can perform through the transition regime, i.e. through a change in land use from arable to grasslands and through removal of the underdrainage system. This is achieved by comparing the MIKE SHE water table predictions with observed soil water levels available from on-going hydrological research in the neighbouring, natural, Elmley Marshes.
A network of piezometer nests containing 1.0 m, 1.5 m and 2.5 m long piezometers has been installed within the marshes (Thompson, 1997) . The network is laid out in the form of a cross with a north-south axis extending for 1.1 km and a shorter, 0.5 km long, east-west axis. Each piezometer consists of a length of 0.04 m diameter plastic pipe sealed at one end and perforated for a length of 0.1 m above the sealed end. The piezometers were installed into access holes created using hand augers. The gap between each piezometer and the wall of its access hole was sealed with bentonite. Once installed, the open end of each piezometer was sealed with a removable rubber bung to prevent the ingress of surface water. Figure 13 shows water levels between June 1997 and September 1998 in three of the 1.0 m long piezometers along the eastwest axis of the network. It confirms that the MIKE SHE predictions for soil water levels in natural, undrained parts of the North Kent Marshes (Fig. 11(a) ) agree with those observed in these environments. The piezometer data show that the surface soil remains saturated for over four months during the winter. The observed minimum summer water levels shown in Fig. 13 , and hence the seasonal range in levels, are also similar to those predicted by MIKE SHE. 
CONCLUSIONS
The physically-based, spatially-distributed, rainfall-runoff model, MIKE SHE, was calibrated and validated in an underdrained 10 km 2 agricultural catchment in the North Kent Marshes, UK, using the traditional split-sample method. Three tests were employed to assess the success of the calibration and validation procedures: the NashSutcliffe efficiency, graphical comparison of hydrographs, and monthly discharge scatter plots. The main conclusion from these tests was that including macropore flow in the MIKE SHE model has a notable effect on predicted discharge. Therefore, if macropore flow is considered important within the wetland under investigation, it should be included in hydrological modelling studies.
A pseudo differential split-sample test was used to assess the performance of the MIKE SHE predictions of the hydrological effects of changes in land use and underdrainage in Bells Creek. The MIKE SHE predictions compare favourably with experimental data available from a neighbouring marshland catchment that has remained natural and not been subject to drainage and land-use change.
The results of this study are encouraging and have shown that it is possible with the MIKE SHE model to obtain an insight into the hydrological behaviour of a wetland before it was drained and converted to agricultural land. The next step in planned research (e.g. Shepherd et al., 1998) involves applying the MIKE SHE model to the undrained Elmley Marshes, where a wide variety of hydrometeorological data are being gathered for model calibration and validation purposes (Gavin & Thompson, 1997; Thompson 1997 ). This will not only provide insights into any shortcomings of using MIKE SHE for modelling these important UK grazing marshes, but will also enable the simulation of alternative water management schemes for the natural wetland. This has considerably potential for the development of strategies in line with the conservation objectives of current management.
